Supporting information: this article has supporting information at journals.iucr.org/e Solvent inclusion in the crystal structure of bis [(adamantan-1-yl) O), with water and 1,4-dioxane playing a structural role in the crystal and engaging in hydrogen-bonding interactions with the cation and anion. Computational crystal-structure prediction was used to rationalize the solvent-inclusion behaviour of this salt by computing the solvent-accessible voids in the predicted low-energy structures for the anhydrate: the global lattice-energy minimum structure, which has the same packing of the ions as the solvate, has solvent-accessible voids that account for 3.71% of the total unit-cell volume and is 6 kJ mol À1 more stable than the next most stable predicted structure.
Chemical context
The rational synthesis of multi-component crystal forms using hydrogen-bond synthons (Desiraju, 1995) between donor and acceptor groups (Duggirala et al., 2015) to direct the threedimensional assembly of two or more molecules in the solid state is an active area of crystal-engineering research. In recent years, there has been significant progress (Reilly et al., 2016) in computational methods for predicting the most stable crystal structures of multi-component salt and co-crystal solid forms using only the molecular structures as input. By comparison, the challenge of predicting when some molecules will crystallize as solvates has received little attention (Braun et al., 2013) from the crystal-engineering community and, despite evidence (Aakerö y et al., 2007) from the Cambridge Structural Database (Groom et al., 2016) that salt solid forms are more prone to crystallizing in structures with variable compositions and stoichiometries, the underlying factors behind the crystallization of salt solvates and the rational synthesis of such solid forms remains an under-explored area of crystal-engineering research. Previous work on the solventinclusion behaviour of substituted adamantane hydrochloride salts has shown that mapping the percentage solvent-accessible volumes of predicted lowenergy structures can provide a qualitative assessment of the likelihood of crystallizing non-stoichiometric channel hydrates of hydrochloride salts. In this work, the computational model is extended to rationalize the solvent-inclusion behaviour of 1-adamantanemethylamine hydrochloride on the basis of the packing efficiency of the ions and calculated solvent-accessible voids for the anhydrate. 
Structural commentary
The asymmetric unit (Fig. 1 ) of the title structure (I) consists of two formula units of 1-adamantanemethylamine hydrochloride, half a molecule of 1,4-dioxane and one water molecule. Both cations adopt a rigid conformation due to the adamantane ring and an overlay of the ab initio gas-phaseoptimized conformation of the cation at the MP2/6-31G(d,p) level of theory with the experimental conformation of each symmetry-unique cation revealed a root-mean-squared deviation of less than 0.03 Å for the non-hydrogen atoms. The C1-C11-N1 and C12-C22-N2 bond angles for the cations are 113.76 (17) and 113.72 (16) , which is consistent with the observation of identical molecular conformations. The 1,4-dioxane molecule lies on an inversion centre with C23-O2 and C24-O2 bond distances of 1.429 (3) and 1.425 (3) Å , respectively.
Supramolecular features
All N + -H bond lengths (Table 1) 
Computed crystal energy landscape
The computed crystal energy landscape (Fig. 3 The molecular structure of (I) with displacement ellipsoids drawn at the 50% probability level and hydrogen atoms are shown as spheres of arbitrary radius. Symmetry code: (i) 1 À x, 1 À y, 1 À z. Table 1 Hydrogen-bond geometry (Å , ). Symmetry codes: (i) Àx þ 2; Ày; Àz þ 1; (ii) x À 1; y; z.
Figure 2
Crystal packing diagram for (I , which corresponds to 3.71% of the unit-cell volume. Assuming that each water molecule occupies an approximate total volume of 40 Å 3 , this would suggest that the global minimum structure could be crystallized by dehydration of a monohydrate of the salt. The global lattice energy minimum structure is approximately 6 kJ mol À1 more stable than the nearest competing secondranked structure. The observation of a clearly preferred global lattice energy minimum structure with solvent-accessible voids is not conclusive in suggesting that this hydrochloride salt cannot be crystallized as an anhydrate, but it does suggest that this system will have difficulties crystallizing as an anhydrate since there is an energetic preference for a packing of the ions that is susceptible to solvent inclusion. Although the secondranked most stable predicted structure does not have any solvent-accessible voids, this structure is energetically competitive with the third-ranked structure which displays an unusually large percentage solvent-accessible volume of 17.42% of the unit cell. The majority of the predicted structures within 10 kJ mol À1 of the global minimum structure that have solvent-accessible voids have crystal voids that are located within 4.5 Å of the charged N + /Cl À ions, which is consistent with the observation that both the water and 1,4-dioxane solvent molecules in the experimental structure engage in hydrogen-bonding interactions with the N + -H donor and Cl À acceptor groups of the salt. Although there is a clear thermodynamically preferred global minimum structure with solvent-accessible voids, the calculations also reveal that there are a number of energetically competitive packings of the ions within 10 kJ mol À1 of the global minimum structure that do not have solventaccessible voids. However, 88% of these structures have one or two unused N + -H donors as judged by N + Á Á ÁCl À distances that are longer than the sum of the van der Waals radii of the N and Cl atoms, suggesting challenges in close packing of the ions which is consistent with the observation of solvent inclusion in this salt with solvent molecules engaged in hydrogen-bonding interactions. The structurally related 1-aminoadamantane molecule, which differs from 1-adamantanemethlyamine in that it lacks a methylene group bridging the adamantane ring and NH 2 functional group displays a crystal energy landscape with a single preferred global minimum structure corresponding to the experimentally observed anhydrate structure of the salt. This illustrates the sensitivity of crystal packing to minor modifications in molecular structure and the value of mapping the percentage solvent-accessible voids in predicted low-energy structures of hydrochlorides as a means for assessing the possibility of solvent inclusion. 
Database survey

Synthesis and crystallization
A 1:5 ratio of HCl:acetone mixture was prepared and 0.3 ml of 1-adamantanemethylamine was added to a vial containing 2 ml of the HCl:acetone mixture. The contents of the vial were further diluted by adding 3 ml of a 1:1 mixture of 1,4-dioxane: ethanol. The contents of the vial were shaken vigorously for two minutes and filtered under gravity. The solvent was allowed to evaporate under laboratory temperature and pressure conditions and after 24 h crystals of the title solvate with needle morphology were isolated.
Refinement
Crystal data, data collection and structure refinement details are summarized in Predicted crystal energy landscape of (adamantan-1-yl)methanaminium chloride. The lattice energy is plotted relative to the predicted global minimum structure for the salt. The data point labelled DesolvMinOpt corresponds to the theoretical lattice energy minimum structure that would result from desolvation of the experimental (adamantan-1-yl)methanaminium chloride 1,4-dioxane hydrate structure.
refined. All other hydrogen atoms were positioned geometrically (C-H = 0.99-1.00 Å ) and refined using a riding model with U iso (H) = 1.2U eq (carrier).
Computational modelling methodology
The crystal energy landscape of 1-adamantanemethylamine hydrochloride was calculated using a search criterion that restricted crystal packings to those with one (Z 0 = 1) or two (Z 0 = 2) formula units of the ions in the asymmetric unit using the Materials Studio 8.0 (Accelrys, 2014) code. Hypothetical crystal structures were generated in five of the most common space groups (P1, P2 1 , P2 1 /c, P2 1 2 1 2 1 , C2/c) for organic crystal structures using the MP2/6-31G(d,p) optimized geometry for the protonated 1-adamantanemethylamine cation. The atomic charges on the cation were derived by fitting to the molecular electrostatic potential of the optimized conformation using the ChelpG (Breneman & Wiberg, 1990) scheme. The molecular geometry and fitted charges for the cation were calculated using GAUSSIAN09 (Frisch et al., 2009) . The final lattice energies for the predicted structures were estimated using a distributed multipole model for the charges using DMACRYS (Price et al., 2010) . Dispersion-repulsion contributions towards the lattice energy were estimated using the revised Williams99 force field (Williams, 2001) supplemented with the potential parameter set for the Cl À ion (Hejczyk, 2010) . For all predicted structures in the crystal energy landscape, the solvent-accessible volume per unit cell was estimated using PLATON (Spek, 2009 ) assuming a probe radius of 1.2 Å . Detailed settings for the Materials Studio 8.0 search for putative crystal structures and the DMACRYS lattice energy optimizations are the same as those reported in recent work investigating the utility of computed crystal energy landscapes for inferring the risk of crystal hydration in substituted adamantane hydrochloride salts. program(s) used to solve structure: XT (Sheldrick, 2015) ; program(s) used to refine structure: SHELXL (Sheldrick, 2008) ; molecular graphics: OLEX2 (Dolomanov et al., 2009) ; software used to prepare material for publication: OLEX2 (Dolomanov et al., 2009) .
Bis[(adamantan-1-yl)methanaminium chloride] 1,4-dioxane hemisolvate monohydrate
Crystal data 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
